The dendritic morphology of neurons dictates their abilities to process and transmit information; however, the signaling pathways that regulate dendritic growth and complexity are poorly understood. Here, we show that retinoids induce the expression of the FERM Rho-GEF protein FARP1 in the developing spinal cord. FARP1 is expressed in subsets of motor neurons and is enriched in dendrites of lateral motor column (LMC) neurons that innervate the limb. FARP1 is necessary and sufficient to promote LMC dendritic growth but does not affect dendrite number or axonal morphology. We show that FARP1 serves as a specific effector of transmembrane Semaphorin6A and PlexinA4 signals to regulate LMC dendritic growth, and that its Rho-GEF domain is necessary for this function. These findings reveal that retinoid and Sema6A/PlexA4 signaling pathways intersect through FARP1 to control dendritic growth, and uncover the existence of subtype-specific signaling networks that control dendritic developmental programs in spinal motor neurons.
INTRODUCTION
The ability of neurons to efficiently receive, process, store and transmit information depends upon their polarized architecture that is comprised of arborized dendrites and an extended axon. Dendrites extending from the soma receive synaptic inputs from presynaptic axonal terminals, and exhibit stereotypic and often complex morphologies that are essential for their abilities to receive and process information (Jan and Jan, 2003) . Emerging evidence implicates deficits in dendritic growth and complexity in the etiology of many neurological diseases such as epilepsy and autism, underscoring the pivotal role of dendritic structures in nervous system function (Pardo and Eberhart, 2007; Wong, 2008) . However, the mechanisms that establish and regulate dendritic development, plasticity and maintenance remain poorly understood.
Several extrinsic signals that regulate dendritic growth and branching have been identified, and these include pathways that regulate axonal growth and guidance. The repellant molecule Slit promotes the dendritic branching and growth of mammalian cortical neurons, a process that is attenuated by the inclusion of a dominant-negative version of its receptor, Robo (Whitford et al., 2002) . In addition, Semaphorin (Sema)3A, which can function as a chemoattractant or repulsive axonal guidance cue, regulates the dendritic growth and orientation of subclasses of cortical pyramidal neurons (Polleux et al., 2000; Fenstermaker et al., 2004; Tran et al., 2007; Mann et al., 2007) . These signals likely regulate downstream molecules that include the Rho GTPases such as RhoA, Rac, and Cdc42, which are critical regulators of actin and microtubule dynamics, key structural dendritic components (Etienne-Manneville and Hall, 2002) . While the relationship between the Rho GTPases and the extrinsic signals that trigger axon growth and repulsion is beginning to emerge, the molecular mechanisms that relay signals impinging upon dendritic growth are less clear (Whitford et al., 2002; Jan and Jan, 2003) . Indeed, it remains unresolved if axons and dendrites respond to the same growth and guidance signals, or if there are dedicated cues and intracellular signal transduction networks that are specific to one structure and not the other.
The vitamin A derivative retinoic acid (RA) is a pivotal signaling molecule that regulates multiple processes during nervous system development, including neurite outgrowth (Maden, 2007) . RA binds to heterodimers formed between the nuclear receptors RAR and RXR and directly regulates gene transcription (Aranda and Pascual, 2001 ). Recent studies demonstrate that neurite outgrowth from explants of dorsal root ganglion (DRG) neurons is mediated by the retinoid receptor RARb2 and that the lentiviral-mediated introduction of RARb2 into adult DRGs, which normally lack RARb2 expression, enables injured DRG axons to cross the dorsal root entry zone (Corcoran et al., 2002; Wong et al., 2006) . These observations provide strong evidence that downstream genes regulated by RA signals play pivotal roles in regulating axon outgrowth; however, it remains unclear whether downstream effectors of RA signaling are able to regulate dendritic growth or complexity. Developing spinal motor neurons serve as an informative system to define the role of RA signaling pathways in nervous system development. RA signaling pathways are responsible for specifying motor neuron progenitors, controlling their differentiation into postmitotic motor neurons and regulating the specification, diversification and survival of limb-innervating lateral motor column (LMC) motor neurons (Sockanathan and Jessell, 1998; Diez del Corral et al., 2003; Novitch et al., 2003; Sockanathan et al., 2003; Vermot et al., 2005; Ji et al., 2006) . Notably, LMC motor neurons synthesize RA after motor neuron differentiation, specification and axonal targeting have occurred (Sockanathan and Jessell, 1998) . This observation, combined with the knowledge that activated retinoid receptors regulate neurite outgrowth, led us to investigate if downstream genes induced by RA signals are involved in regulating the dendritic development of LMC motor neurons.
Here, we identify Farp1 (FERM, RhoGEF, and pleckstrin homology domain protein 1; also called chondrocyte-derived ezrin-like protein [CDEP] in humans) as a gene induced by RA signals that encodes a protein required for regulating the dendritic growth of embryonic LMC motor neurons (Koyano et al., 1997) . We show by biochemical and functional analyses that FARP1 relays transmembrane Sema6A signals through the plexin receptor PlexA4 to increase the length of LMC motor neuron dendrites without affecting axons and that these functions require the integrity of the FARP1 Rho-GEF domain. This study uncovers roles for RA and Sema6A/PlexA4 signaling pathways in dendritic development and reveals that they intersect through FARP1 to control the growth of LMC motor neuron dendrites during embryogenesis. Thus, columnar specific signaling programs operate to control the dendritic development of distinct motor neuron subtypes in the developing spinal cord.
RESULTS

Identification and Expression of FARP1 in the Spinal Cord
We isolated Farp1 using neural explant based subtractive screens that were designed to identify genes upregulated by RA signaling in spinal motor neurons (Rao and Sockanathan, 2005) . Reverse northern analysis of Hamburger Hamilton stage (St) 14 chick ventral spinal cord explants shows robust induction of Farp1 expression when grown in the presence of retinol, consistent with a role for RA signals in upregulating Farp1 expression in the developing spinal cord ( Figure 1A) .
To examine the spatial and temporal distribution of FARP1 in the chick spinal cord, we carried out a developmental time course of Farp1 mRNA expression from St 20 to St 35. Farp1 is expressed in forelimb spinal motor neurons from St 29 to at least St 35; however, low levels of Farp1 transcripts can be detected in motor neurons as early as St 27 ( Figure 1B ; see Figure S1 available online). At thoracic regions, Farp1 transcripts localize within a mediolateral population of cells that occupy positions characteristic of the preganglionic autonomic motor neurons of the column of Terni (CT; Figure 1C ; Jessell, 2000) . To determine the relationship between Farp1 expression and different spinal motor columns, we raised polyclonal antibodies against FARP1 and examined the expression of FARP1 protein with respect to molecular markers that define the major motor neuron subtypes in the spinal cord (Tsuchida et al., 1994) . The FARP1 antibody detected a single band corresponding to the predicted molecular weight of FARP1 in spinal cord extracts, and did not cross react with the related protein FARP2 ( Figure S2 ). Motor neurons of the medial division of the median motor column (MMCm) are found at all axial levels, innervate axial muscles and coexpress the LIM homeodomain (HD) proteins Lim3 and Islet1/2. Lateral motor column (LMC) motor neurons form at limb levels, innervate target muscles in the limb and diversify into medial LMC neurons that express Islet1/2 and lateral LMC subtypes that coexpress Islet2 and Lim1. At thoracic levels, motor neurons of the lateral MMC and the CT Tucker et al., 1988) . Although the possibility that FARP1 is expressed at low levels in LMC axons cannot be excluded, these observations indicate that FARP1 is dramatically enriched in the dendrites of LMC motor neurons.
FARP1 Increases LMC Neurite Length In Vivo
The enrichment of FARP1 expression within LMC motor neuron dendrites suggests that FARP1 may regulate LMC dendritic development. As a first step to test this hypothesis, we developed a Cre-lox-based binary system to trace the neurite morphology of individual motor neurons in intact embryonic chick spinal cords ( Figure 2A ). We coelectroporated two plasmids, pCAGGSLSLeGFP and pMN-Cre, into chick spinal cords at St 11 and analyzed electroporated chick spinal cords at different time points in development. pCAGGS-LSLeGFP harbors a chick b-actin promoter upstream of a lox-STOP-lox cassette inserted in front of the eGFP open reading frame (ORF), thus rendering the expression of eGFP dependent on Cre recombinase activity. The pMN-Cre construct contains a 250 bp element from the mouse HB9 promoter cloned upstream of a minimal CMV promoter driving the expression of Cre, which limits the expression of Cre to postmitotic motor neurons (Lee et al., 2004) . Electroporation of a high ratio of pCAGGS-LSLeGFP to pMN-Cre plasmids into chick spinal cords limits the expression of Cre to small numbers of motor neurons and enables the selective labeling of individual postmitotic motor neurons by Cre-mediated eGFP expression (Figures 2A-2C ). This strategy combined with the use of molecular markers that distinguish different motor columns allows us to trace the neurite morphology of individual motor neuron subtypes in the spinal cord ( Figures 2B and 2C) . Using this approach, we monitored the neurite development of forelimb Isl1/2 + Lim3 À LMC neurons between St 25 and St 35 in development. At these stages, LMC motor neurons lack complexity and exhibit simple multipolar morphology. At St 25, LMC neurites are relatively short; however, they grow extensively between St 25 and St 31 before reaching a plateau at St 33 ( Figure S4 ). The expression of FARP1 in LMC dendrites spanning the period of robust LMC neurite growth suggests that FARP1 may control the growth of LMC motor neuron dendrites.
To test this hypothesis, we utilized our binary Cre-lox-dependent tracing system to examine the consequences of FARP1 overexpression on LMC motor neuron neurite length and number.
Since dendritic length and morphology are linked to motor neuron subtype identities, we first examined if overexpression of FARP1 altered motor neuron differentiation or specification (Vrieseling and Arber, 2006) . Analysis of embryos electroporated with constructs overexpressing FARP1 showed no changes in motor neuron numbers or their subtype specification, although FARP1 was detected throughout the soma, dendrites, and axons (Figures S5 and S6 Figure S7 ). The electroporation of U6-shFARP1 plasmids into the spinal cord did not compromise motor neuron differentiation or motor column formation ( Figure S5 ). However, the expression of shFarp1 RNAs caused a 39% reduction in the length of LMC neurites compared with control shRNAs ( Figures  2F-2H ). The number of LMC neurites that were formed remained unchanged ( Figure S6 ). Consistent with the lack of FARP1 expression in MMC motor neurons, thoracic MMCm and MMCl neurons did not show any changes in neurite length or number when electroporated with shRNAs against Farp1 ( Figure 2K -2M and S6). Taken together, these experiments indicate that FARP1 is necessary and sufficient to regulate the neurite length of LMC motor neurons but is not involved in the regulation of neurite numbers. These observations correlate with the lack of LMC dendritic complexity before FARP1 is expressed and the extensive dendritic growth of LMC neurons at the time of FARP1 expression ( Figure S4 ).
FARP1 Regulates LMC Dendritic Length In Vitro
Our in vivo analysis provides evidence that FARP1 increases LMC neurite growth; however, it does not distinguish whether FARP1 selectively controls dendritic or axonal growth as both neurite populations are labeled by eGFP expression. To define the specificity of FARP1 function, we dissociated chick spinal cords that had been electroporated with HB9-eGFP plasmids and plasmids that overexpressed FARP1 or shFarp1 RNAs. HB9-eGFP constructs contain a 3 kb promoter element from the mouse HB9 promoter cloned upstream of the eGFP ORF, which targets the expression of eGFP to postmitotic motor neurons and thus facilitates their visualization (Figures 3A-3D ; Lee et al., 2004) . Cultured motor neurons retained their molecular profiles of LIM HD protein expression, enabling electroporated LMC motor neurons to be distinguished by their lack of Lim3 expression and their coexpression of eGFP and Islet1/2 ( Figures 3A-3D ).
LMC motor neurons in culture developed a typical multipolar morphology in that they extend one long, thin axon lacking MAP2 expression, and several shorter and thicker dendrites that express MAP2 ( Figures 3E-3E 00 ). Electroporated motor neurons expressed FARP1 throughout the soma, dendrites and axons ( Figure S6 ). Overexpression of FARP1 caused a 28% increase in the length of LMC motor neuron dendrites but did not alter their numbers (Figures 3F, 3G, 3J, and 3L) . In contrast, increasing FARP1 levels did not appreciably change LMC motor axon length or number (Figures 3K and 3M) . Ablation of FARP1 expression by electroporation of U6-shFARP1 plasmids showed a 23% decrease in LMC dendritic length but did not influence the number of LMC dendrites or the length and branching of LMC motor axons ( Figures 3H-3M ). Taken together, these observations suggest that FARP1 regulates the growth of LMC motor neuron dendrites, but does not control LMC axonal length or LMC axonal and dendritic numbers.
FARP1 Interacts with PlexA4
Independently of Neuropilins FARP2, a protein closely related to FARP1, binds to class A plexin receptors and triggers the repulsion of DRG axons in response to Sema3A binding (Toyofuku et al., 2005) . To examine if FARP1 regulates the growth of LMC dendrites as a function of (M) Graph of dendrite length of thoracic MMC motor neurons; compared to the vector, FARP1 p = 0.99, shCtrl p = 0.39, shFarp1 p = 0.45. All graphs, mean ± SEM, two-tailed Student's t test, n = at least 50 motor neurons from six electroporated embryos.
semaphorin-plexin signaling pathways, we first examined the distribution of chick class A plexins and their coreceptors, the Neuropilins (Npn), in developing LMC neurons. Literature and database searches indicate that Npn1, Npn2, PlexA1, PlexA2, and PlexA4 are encoded by the chick genome (Mauti et al., 2006) . In situ hybridization analyses of chick spinal cords show that at forelimb regions Npn1, Npn2, PlexA1, and PlexA4 overlap with Farp1 expression in LMC neurons, while PlexA2 is not expressed in spinal motor neurons ( Figures 4A-4F ). Since Npn coreceptors interact directly with only a very limited number of downstream signaling components, we examined if FARP1 is capable of interacting with PlexA1 and PlexA4 by coimmunoprecipitation (IP), using tagged versions of these proteins in transfected HEK293T cells (Tran et al., 2007) . FARP1 interacts strongly with PlexA4 but associates very weakly with PlexA1 ( Figure 4G ). CoIP assays using extracts from HEK293T cells Figure S8 ). In contrast to FARP2, FARP1 does not require Npn1 or Npn2 to interact with PlexA4 or PlexA1, and the presence of Npn1 or Npn2 does not significantly change the association between FARP1 and PlexA4 or PlexA1 ( Figure 4G ). Taken together, these results indicate that although Npn1, Npn2, PlexA1, and PlexA4 are expressed in LMC neurons, FARP1 preferentially interacts with PlexA4 and this interaction is independent of Npn binding. This finding suggests a model where FARP1 mediates LMC dendritic growth through PlexA4 directed signaling.
PlexA4 Increases LMC Dendritic Length through FARP1 Function
To investigate if PlexA4 is required for the dendritic growth of LMC motor neurons, we examined the consequences of increasing PlexA4 levels in motor neurons using our assay to visualize motor neuron dendrites in the chick spinal cord. Overexpression of PlexA4 increased the length of LMC motor neuron dendrites by approximately 31% but did not affect LMC dendritic numbers, a phenotype similar to when FARP1 levels were elevated ( Figures 5A, 5C , 5F, and 5G). In contrast, overexpression of PlexA1 did not alter the length or number of LMC motor neuron dendrites ( Figures 5A, 5B , 5F, and 5G). The specificity of PlexA4 function correlates with the ability of PlexA4 to interact with FARP1 and further supports the model that FARP1 mediates PlexA4 receptor signaling to regulate LMC dendritic growth. To determine if PlexA4 is necessary for LMC dendritic growth, we generated constructs expressing shRNAs designed against the PlexA4 ORF (U6-shPlexA4). In transfected HEK293T cells, expression of shPlexA4 RNAs downregulated heterologous PlexA4 expression by 84% compared with control unrelated shRNAs ( Figure S7 ).
Electroporation of U6-shPlexA4 into embryonic chick spinal cords caused a 37% reduction in the length of LMC motor neuron dendrites but did not change their numbers, demonstrating a requirement for PlexA4 in promoting LMC dendritic extension (Figures 5F-5H). As an alternative approach to disrupt endogenous PlexA4 signaling, we expressed a dominant-negative version of PlexA4 (A4DCyto) that lacks the intracellular cytoplasmic domain, in embryonic spinal cords (Takahashi and Strittmatter, 2001 ). Electroporation of plasmids expressing A4DCyto caused a similar decrease in LMC dendritic length obtained by ablating PlexA4 using shPlexA4 RNAs ( Figures 5D  and 5F ). However, overexpression of A4DCyto caused a minor decrease in the numbers of LMC dendrites ( Figure 5G ). A4DCyto does not interact with FARP1 and fails to bind to other known transducers of PlexA signals (data not shown); thus, the effects of A4DCyto on dendritic numbers may reflect the blockade of other PlexA or Npn pathways that are FARP1 independent. Deletion of the extracellular domain of PlexA4 renders PlexA4 ligand-insensitive and causes it to become constitutively active (A4DEcto; Takahashi and Strittmatter, 2001) . Surprisingly, electroporation of A4DEcto into chick spinal cords did not change LMC dendritic length or number (Figures 5E-5G ). This result suggests that PlexA4 dependent regulation of LMC motor neuron dendrite length requires ligand activation, and implies that the mechanism of PlexA4 function in dendritic growth may differ from its roles in axonal repulsion.
Taken together, these results show that PlexA4 is necessary and sufficient to regulate the growth of LMC motor neuron dendrites. To test if FARP1 mediates this process, we overexpressed PlexA4 in the context of ablating FARP1 expression in the chick spinal cord using shFarp1 RNAs. Overexpression of PlexA4 failed to increase the length of LMC motor neuron dendrites when FARP1 expression is reduced ( Figures 5J, 5K , and 5M). These results provide strong evidence that FARP1 functions as a downstream effector of PlexA4 signaling to mediate the growth of LMC motor neuron dendrites. Interestingly, FARP1 overexpression did not increase LMC dendritic length when PlexA4 levels were reduced ( Figures 5H, 5I , and 5L). This result suggests that FARP1 requires PlexA4 to stimulate dendritic growth, and implies that association between FARP1 and PlexA4 is necessary to promote the dendritic growth of LMC motor neurons.
Sema6A Signals Regulate LMC Dendritic Length
Known ligands that activate PlexA4 signaling pathways include the secreted Class 3 semaphorins (Sema3) and the transmembrane Class 6 semaphorins (Sema6; Tran et al., 2007) . NpnPlexA4 holoreceptor complexes bind Sema3 proteins, while PlexA4 associates directly with Sema6 ligands independently of Npns (Suto et al., 2005; Yaron et al., 2005) . Sema3A is implicated in increasing the dendritic length of cortical neurons and is expressed in LMC motor neurons, making it a good candidate for the signal that triggers the PlexA4-FARP1-dependent growth of LMC dendrites (Shepherd et al., 1996; Polleux et al., 2000; Fenstermaker et al., 2004) . To determine if Sema3A can increase the length of LMC motor neuron dendrites, we generated secreted alkaline phosphatase fusions of chick Sema3A (Sema3A-AP) and applied it to dissociated spinal cords that had been electroporated with HB9-eGFP plasmids. Addition of Sema3A-AP fusion proteins effectively decreased eGFP + LMC motor axon length by 25%, consistent with previous work demonstrating functions for Sema3A in axon repulsion ( Figure S9 ; Shepherd et al., 1996; Huber et al., 2005) . However, the application of Sema3A-AP did not alter the length or number of eGFP + LMC motor neuron dendrites ( Figure S9) ; thus ruling out Sema3A as the signal that triggers the PlexA4-FARP1 dependent growth of LMC dendrites. This observation is consistent with our finding that Npns, which are required for PlexA receptors to associate with Sema3 ligands, do not influence the interaction between PlexA4 and FARP1 ( Figure 4G ). To examine if the transmembrane Sema6 proteins are relevant ligands that signal through PlexA4 and FARP1 to regulate the growth of LMC motor neuron dendrites, we first determined the number and identity of Sema6 proteins in the chick. In mammals, Sema6A and Sema6B are ligands for PlexA4, while Sema6C and Sema6D constitute ligands for PlexA1 (Suto et al., 2005; Yoshida et al., 2006) . Only full-length Sema6A and Sema6D ORFs are annotated in chick genomic databases; Sema6B sequences are incomplete while Sema6C is absent. We cloned full-length chick Sema6A and Sema6D ORFs by RT-PCR and examined their mRNA distribution in the developing spinal cord. At forelimb levels, both Sema6A and Sema6D transcripts are distributed throughout the spinal cord and overlap with Farp1 and PlexA4 expression in LMC neurons ( Figures 6A and 6B ). To determine if chick Sema6A and Sema6D exhibit the same receptor specificity as their mammalian counterparts, we performed receptor-ligand binding experiments in transfected COS-7 cells. Addition of soluble Sema6 ligands fused to human IgG Fc segments (Sema6A-ectoFc; Sema6D-ectoFc) to COS-7 cells transfected with constructs expressing either chick PlexA4 or PlexA1, showed that Sema6A bound to PlexA4, while Sema6D interacted specifically with PlexA1 ( Figures 6C-6H) . The specific binding of Sema6A to PlexA4 suggests the possibility that Sema6A is the relevant ligand for controlling the PlexA4-FARP1 dependent growth of LMC motor neuron dendrites.
To test the requirement for Sema6A in LMC dendritic growth, we used our in vivo dendritic tracing assay to determine if ablating Sema6A expression in the spinal cord affects the length of LMC dendrites. ShRNAs against the Sema6A ORF (shSema6A) proved effective in decreasing heterologous Sema6A expression by approximately 87% in transfected HEK293T cells ( Figure S7 ). Electroporation of U6 plasmids that drive the expression of shSema6A RNAs in cells throughout the dorsal and ventral spinal cord caused a 39% decrease in the length of eGFP + Isl1/2 + Lim3 À LMC motor neuron dendrites compared to unrelated shRNAs, while the number of LMC dendrites remained unchanged ( Figures 6I-6L ). These results suggest that Sema6A is required to regulate the length of LMC motor neuron dendrites in vivo. To determine if Sema6A application can increase LMC dendritic length, we prepared dissociated cultures from dissected spinal cords electroporated with HB9-eGFP plasmids. Addition of Sema6A-ectoFc to cultured eGFP + motor neurons increased the length of LMC motor neuron dendrites by approximately 33% but did not change the number of extended dendrites ( Figures 6M, 6N , 6P, and 6Q). In contrast, addition of Fc fragments alone or Sema6D-ectoFc, the ligand for PlexA1, had no effects on LMC motor neuron dendrite length or number, consistent with our earlier observations that FARP1 binds very weakly to PlexA1, and PlexA1 does not influence LMC dendritic growth ( Figures  6M, 6O , 6P, and 6Q). These observations indicate that Sema6A is necessary and sufficient to regulate the growth of LMC motor neuron dendrites.
Sema6A Signals through PlexA4 and FARP1 to Regulate the Length of LMC Dendrites
To determine if Sema6A regulates LMC dendritic growth through PlexA4, we assayed if the ability of Sema6A to increase dendritic growth was affected by the loss of PlexA4 expression. We prepared dissociated neuronal cultures from embryonic chick spinal cords that had been coelectroporated with HB9-eGFP and shPlexA4 expressing plasmids and incubated them with Sema6A-ectoFc or Fc alone. Knockdown of PlexA4 blocked the increase in LMC dendritic length normally elicited by the application of Sema6A-ectoFc ( Figures 6R, 6S, and 6W ). This observation suggests that the ability of Sema6A to regulate the growth of LMC motor neuron dendrites depends upon PlexA4 and supports the model that the Sema6A-PlexA4 receptor pair is the signaling complex involved in regulating LMC dendritic growth. To determine if Sema6A-PlexA4 signaling requires FARP1, we repeated the experiment, this time knocking down FARP1 instead of PlexA4 expression by electroporating shFARP1 RNA expressing plasmids into the spinal cord. Knockdown of FARP1 abrogated the ability of Sema6A-ectoFc to increase LMC dendritic length ( Figures 6T, 6U , and 6V). Taken together, these results suggest that FARP1 acts downstream of Sema6A binding to PlexA4 to regulate the growth of LMC motor neuron dendrites. MMC motor neurons lack FARP1 and PlexA4 expression, consistent with our observations that ectopic expression of PlexA4 or FARP1 alone does not increase the length of MMC dendrites ( Figures 7A and 7B) . However, MMC motor neurons and adjacent areas express high levels of Sema6A ( Figure 7C ). To test the sufficiency of the PlexA4-FARP1 complex in promoting motor neuron dendritic growth, we overexpressed PlexA4 and FARP1 in MMC motor neurons and utilized our in vivo dendritic tracing assay to examine the consequences on MMC dendritic length and number. Electroporation of vector, FARP1, or PlexA4 alone failed to promote MMC dendritic growth; however, coexpression of FARP1 and PlexA4 caused a 47% increase in the length of MMC dendrites (Figures 7D-7F) . In all cases, the number of MMC motor neuron dendrites was not changed ( Figure 7G ). Taken together, these observations provide evidence that PlexA4 and FARP1 are sufficient to regulate motor neuron dendritic growth in the presence of Sema6A. In addition, they imply that the effectors downstream of FARP1 involved in triggering dendritic growth are shared by LMC and MMC motor neurons.
FARP1 Is Constitutively Associated with PlexA4 and Requires the DH Domain
To investigate the mechanism by which FARP1 mediates Sema6A-PlexA4 signaling, we first examined if the interaction between FARP1 and PlexA4 is altered in the presence of Sema6A ligand. We performed coIP assays using extracts of HEK293T cells cotransfected with PlexA4 and FARP1 in the presence or absence of Sema6A-ectoFc. Addition of Sema6A-ectoFc did not disrupt or enhance PlexA4-FARP1 complex formation, suggesting that the interaction between PlexA4 and FARP1 is maintained in the presence of ligand ( Figure 8A ). This result is consistent with our earlier observation that FARP1 requires PlexA4 to promote LMC dendritic growth ( Figures 5H, 5I , and 5L).
Previous studies have shown that Rho-GEF activity is involved in modulating cytoskeletal dynamics, raising the possibility that the DH Rho-GEF domain of FARP1 is required for FARP1 to increase LMC dendritic length (Rossman et al., 2005) . To test this possibility, we overexpressed versions of FARP1 that lacked the DH Rho-GEF region (FARP1DDH) in developing chick spinal cords. Overexpression of FARP1DDH failed to increase LMC dendritic length and instead decreased the extent of LMC dendrites by 44% ( Figures 8E, 8F , and 8H). These results suggest that the DH Rho-GEF domain is critical for FARP1 activity and that the FARP1DDH molecule acts as a dominant-negative molecule to interfere with endogenous FARP1 function. To examine if the FARP1 DH domain is necessary for its effector function in transducing Sema6A-PlexA4 signals to increase LMC dendritic growth, we coelectroporated constructs expressing FARP1DDH and PlexA4 into developing chick spinal cords. Expression of FARP1DDH abrogated the ability of PlexA4 to increase LMC dendritic length in vivo, suggesting that the FARP1 Rho-GEF domain is critical for mediating PlexA4-dependent dendritic growth ( Figures 8G and 8H) . To investigate the consequences of FARP1DDH on Sema6A-induced increases in LMC dendritic length, we prepared dissociated neuronal cultures from chick spinal cords that had been coelectroporated with FARP1DDH and HB9-eGFP expression plasmids, and incubated them with Sema6A-ectoFc ligands. FARP1DDH expression abrogated the ability of Sema6A to increase the length of LMC dendrites (Figures 8B-8D ). Taken together, these results imply that FARP1 Rho-GEF activity is critical for mediating the Sema6A-PlexA4-dependent growth of LMC motor neuron dendrites.
DISCUSSION
The development of dendritic arbors depends upon a series of carefully regulated events that control overall dendritic growth, targeted extension, and branching (Jan and Jan, 2003) . Here, we identify FARP1 as a key regulator of the growth of LMC motor neuron dendrites during the peak period of motor neuron dendritic extension in embryonic development. Our data are consistent with a model where FARP1 binds to the PlexA4 receptor in LMC motor neuron dendrites and transduces transmembrane Sema6A signals to stimulate dendritic extension ( Figure 8I ). The Rho-GEF domain of FARP1 is an essential component in the mechanism of FARP1 function, suggesting that FARP1 increases dendritic length by modulating the activity of small GTPase proteins. We discuss below how the properties of FARP1 confer its specificity in transducing semaphorin-plexin signals within dendrites, and the implications for how these programs are utilized to regulate the morphology of motor neuron dendrites in the developing spinal cord. 
FARP1 Binding Properties Dictate Receptor Specificity
The semaphorin-plexin signaling pathway has diverse biological functions. In the developing nervous system, their functions include axon outgrowth, axon guidance, cell migration, and dendritic growth, guidance, and branching (Tran et al., 2007; Mann et al., 2007) . The diversity of semaphorin-plexin function is elicited by the multitude of different semaphorin receptor complexes, the presence of transmembrane and secreted semaphorin ligands, and the triggering of distinct intracellular signaling components. In the developing spinal cord, LMC motor neurons contain multiple components of the semaphorin-plexin signaling pathway. Both medial and lateral divisions of the LMC express Npn1, Npn2, PlexA1, and PlexA4 receptors and transmembrane Sema6 ligands, while secreted Sema3 ligands are expressed in LMC neurons and tissues surrounding LMC axons (Shepherd et al., 1996; Huber et al., 2005; Cohen et al., 2005; Moret et al., 2007) . Thus, LMC neurons contain the components to generate secreted and transmembrane ligand receptor complexes for both PlexA1 and PlexA4 (Tran et al., 2007; Mann et al., 2007) . We show here that FARP1 is necessary and sufficient to promote LMC dendritic growth and show that it is a specific effector of Sema6A/PlexA4 signaling pathways in the developing vertebrate spinal cord. Gain-of-function experiments where PlexA1 is expressed throughout motor neurons, and global exposure of motor neurons to Sema3A and Sema 6D, provide evidence that transmembrane and secreted semaphorin-PlexA1 signaling complexes do not play roles in the regulation of LMC dendritic growth. In contrast, overexpression of PlexA4 or application of Sema6A promotes the dendritic growth of LMC motor neurons, while knockdown of these components effectively decreases dendrite extension. We find that FARP1 associates strongly with PlexA4 relative to PlexA1, suggesting that the specificity of plexin receptor function in this context is imposed by the different binding capabilities of FARP1. The related molecule FARP2 is also an effector of semaphorin-plexin signaling and regulates the collapse of DRG axons in response to Sema3A signals (Toyofuku et al., 2005) . However, DRG neurons express PlexA1, A2, A3, and A4, and FARP2 binds indiscriminately to all class A plexin receptors, raising the intriguing question as to how and if specificity in this system is achieved (Toyofuku et al., 2005; Yoshida et al., 2006) . FARP1 and FARP2 share a similar domain structure but employ different mechanisms to transduce specific semaphorin-plexin signals. One conceivable outcome of these differences is that they trigger distinct downstream cascades that ultimately have important consequences for remodeling the cytoskeleton of axons and dendrites.
Asymmetric Compartmentalization of FARP1 and Other
Signaling Components Confers the Dendritic Specificity of the Sema6A/PlexA4 Pathway The specific enrichment of FARP1 within motor neuron dendrites contributes to restricting the effector function of FARP1 to this cellular compartment, and is consequently a critical factor in imposing the specificity of FARP1 function. Interestingly, the overexpression of FARP1 in LMC motor neurons causes a specific increase in dendritic length without altering axonal growth or branching even though FARP1 in this context is distributed throughout the soma and axon ( Figure S6 ). These collective observations suggest that one or more upstream or downstream components of the Sema6A/PlexA4 signaling pathway itself must be restricted to the dendrites of LMC motor neurons. Global application of Sema6A elicits the repulsion of DRG and sympathetic ganglia neurons but does not elicit a response in motor neurons (Mauti et al., 2007) . Furthermore, knockdown of PlexA4 expression in LMC motor neurons causes a 27% increase in axonal length and Sema6A ectodomain binding studies detects Sema6A receptors in motor axons, consistent with a role for PlexA4 in regulating motor axon growth (B.Z. and S.S., unpublished data; Mauti et al., 2007) . These observations together suggest that components downstream of FARP1 are likely to be localized asymmetrically to the dendrites of LMC motor neurons.
What is the ligand specificity that triggers the ability of FARP1 to promote dendritic extension? Genetic and in vitro evidence indicate that Sema3A constitutes a ligand for PlexA4 in the context of PlexA4/Npn1 holoreceptors (Yaron et al., 2005; Suto et al., 2005) . Since LMC neurons express Sema3A, Npn1, and PlexA4 and FARP1 can bind PlexA4 in the presence of Npn1, why are the effects of FARP1 on dendritic growth specifically elicited by Sema6A and not Sema3A? One possibility is the availability of Sema3A ligand in dendrites; however, bath application of Sema3A does not affect motor neuron dendritic length, and LMC neurons express high levels of Sema3A (Moret et al., 2007) . Another potential explanation is that PlexA4/FARP1 complexes in LMC dendrites are assembled in a form more amenable to transducing Sema6A signals than Sema3A signals, as compared with LMC motor axons. Although Npn1 does not alter the association of FARP1 with PlexA4, Npn1 might directly influence FARP1 activity in the context of Npn1/PlexA4 complexes to prevent it from triggering LMC dendritic growth. Alternatively, Npn1 may be preferentially expressed in LMC axons but excluded from LMC dendrites. Indeed, analyses of Npn1 À/À mice reveal deficits in LMC axonal growth and guidance; however, whether Npn1 function in LMC neurons is restricted solely to axons awaits further investigation (Huber et al., 2005) .
The Mechanism of FARP1 Function
Our structure-function analysis of FARP1 reveals that the integrity of its Rho-GEF domain is critical for its ability to promote the growth of LMC motor dendrites. In vitro studies show that FARP1 functions as a guanine nucleotide exchange factor (GEF) for RhoA by catalyzing the exchange of GDP for GTP, consistent with a function for FARP1 in promoting the activity of downstream small GTPases (Koyano et al., 1997) . Components of Rho GTPase signaling pathways are established modulators of actin filaments and microtubules, which make up the primary structural components of dendrites. Thus, it is plausible that FARP1 Rho-GEF function ultimately regulates cytoskeletal dynamics, leading to the growth of LMC motor dendrites (Etienne-Manneville and Hall, 2002) . Interestingly, activation of Rho GTPases by other semaphorin/plexin signaling pairs is normally associated with growth cone collapse rather than extension (Tran et al., 2007) . However, these observations apply to axons and not dendrites, raising the possibility that the modulatory effects of activated Rho on the cytoskeleton downstream of semaphorin/plexin signals are highly context-dependent. In support of this, we find that the mechanism of PlexA4 function in dendrites is likely different to its roles in axonal repulsion as deletion of the extracellular domain has no effect on dendritic growth, whereas it renders PlexA4 constitutively active in promoting growth cone collapse. In cortical neurons, Sema3A exerts repulsive effects on axons but promotes the apical growth of dendrites through mechanisms involving the asymmetric localization of guanylate cyclase (Polleux et al., 2000) . Whether cyclic nucleotides are similarly involved in regulating LMC dendritic growth through FARP1 mediation of semaphorin/plexin signals awaits further investigation. How does Sema6A/PlexA4 signaling lead to FARP1 effector function? In contrast to FARP2, our data show that FARP1 requires the presence of PlexA4 to increase dendritic length and that FARP1 remains associated with PlexA4 in the presence of Sema6A, indicating that dissociation of the FARP1/PlexA4 complex is not a prerequisite for triggering LMC dendritic growth. Analyses of Rho-GEF proteins show that highly variable sequences N-terminal to the DH domain function as intramolecular negative regulators of Rho-GEF activity (Rossman et al., 2005) . We thus speculate that FARP1 Rho-GEF activity is not constitutively active but is positively regulated by Sema6A-PlexA4 signaling. Precedent for this mechanism comes from studies of PlexB1, where Sema4D binding to PlexB1 does not change this plexin's ability to complex with the Rho-GEF protein PDZ-RhoGEF/LARG but stimulates LARG activity to activate RhoA (Swiercz et al., 2002) . One potential advantage in maintaining the association between plexin receptors and Rho-GEF proteins is that this constitutive association acts as a molecular tether to generate a functional microdomain at the cell membrane that may be critical for effective and rapid modulation of the cytoskeleton.
Regulating Dendritic Growth and Morphology in Motor Neurons
The dendritic morphology of a particular neuron dictates its ability to receive, process, and integrate synaptic inputs (Jan and Jan, 2003) . Our data are consistent with a model in which FARP1 mediates Sema6A/PlexA4 signaling to control the early dendritic growth of LMC motor neurons ( Figure 8I ). At the developmental times we analyzed, Sema6A is expressed throughout the ventral-lateral spinal cord at relatively uniform levels. It remains unclear whether the function of Sema6A is cell-or non-cell-autonomous; nonetheless, the widespread expression of Sema6A suggests that FARP1 mediates general, rather than targeted dendritic growth during embryogenesis. Thus, our model suggests that the FARP1 effector function contributes to the formation of early dendritic arbors on which later programs of targeted growth and pruning act to sculpt final patterns of dendritic morphology. Notably, the columnar-specific expression of FARP1 implies that there are dedicated programs controlling dendritic growth of specific motor columns and suggests that these early programs controlling dendrite extension may directly influence the final dendritic patterns of specific motor neuron subtypes. We show here that upstream signaling pathways mediating the induction of FARP1 include RA, and this correlates well with the sustained expression of the RA synthetic enzyme RALDH2 in LMC motor neurons and the established roles for RA in promoting neurite outgrowth in a variety of cellular paradigms (Sockanathan and Jessell, 1998; Maden, 2007) . However, FARP1 is also expressed in CT neurons, a population of visceral motor neurons that lack RALDH2 expression and are located in the thoracic cord, which expresses RA catabolic enzymes such as Cyp26 (Abu-Abed et al., 2002) . These observations suggest that other signaling pathways in addition to RA induce the CT-specific expression of FARP1. Interestingly, overexpression of FARP1 does not increase the dendritic length of CT neurons although PlexA4 is expressed in these cells. This finding suggests other functions for FARP1 in the development of CT neurons (B.Z. and S.S., unpublished data).
The cell bodies of motor neurons resident within motor columns cluster into distinct pools that reflect their axonal projections to discrete target muscles (Jessell, 2000) . Poolspecific motor neurons exhibit distinctive dendritic arbors that are important for their ability to receive and process information (Landmesser, 1978; Okado et al., 1990; Vrieseling and Arber, 2006) . Our discovery that Sema6A-PlexA4 signaling regulates columnar-specific dendritic growth through FARP1 raises the possibility that semaphorin-plexin pathways may also contribute to refining the distinct dendritic morphologies of motor pools. This possibility is particularly compelling given that the expression of RALDH2 and different classes of secreted semaphorins, Npns, and plexins overlaps in distinct motor pools (Sockanathan and Jessell, 1998; Cohen et al., 2005) . It will be of great interest to define their function in motor dendrite formation and determine if semaphorin-plexin pathways intersect with RA-responsive effector molecules to shape the pool-specific dendritic morphology of motor neurons.
EXPERIMENTAL PROCEDURES
RT-PCR, Plasmids, and Reverse Northerns Coding sequences of all genes were isolated using RT-PCR from total RNA extracted from stage 31 chick spinal cords with Trizol (Invitrogen). Reverse Northern blot analysis was performed as described previously (Rao and Sockanathan, 2005) , with the modification that the FARP1 ORF was first amplified by PCR from FARP1 plasmids prior to electrophoresis and blotting. Short hairpin (sh) RNAs were cloned into the pSilencer1.0-U6 vector (Ambion). ShRNA target sequences were as follows: AACCACCTGAACCTTGTTGAA and AAGTAGCGACCACAGAACGAA for Farp1, AATGCTCCCCATAGACTAC AA and AAGATCCGTGTGGATGGCACC for PlexA4, AAGCTGATGTAGACAC ATGCA and AAGTGCAGTTACGATGGCATG for Sema6A, and AATTCGCG CCTAGGTCCGAAC and AACTAGGTCGTTCGACGTAAG for unrelated control short hairpins.
CoIP Assay HEK293T cells (ATCC) were transfected and lysed after 24 hr using standard protocols. Protein lysates were incubated with 4mg antibody and GammaBind Sepharose beads (GE Healthcare) overnight at 4 C. The beads were washed with lysis buffer, boiled in sample buffer, and used for Western blot analysis. Antibodies used were mouse anti-HA (Roche; HRP-conjugated, Santa Cruz), mouse anti-myc 9E10 (Developmental Studies Hybridoma Bank; HRP-conjugated, Abcam), and mouse anti-FLAG (Sigma).
Ligand Production and Ligand Receptor Binding
The sequences corresponding to the ectodomains of chick Sema6A and Sema6D were cloned into the pFcTag vector. Plasmids expressing alkaline phosphatase (AP) or the AP fusions of chick Sema3A (Sema3A-AP) were gifts from Dr. Jonathan Raper. HEK293T cells transfected with these plasmids were cultured in OptiMEM-I medium (Invitrogen) and conditioned medium containing secreted ligands were collected and concentrated 40-fold with Centricon filters. COS-7 cells (ATCC) transfected with myc-PlexA1 or myc-PlexA4 were cultured for 2 days. Ten micrograms of prepared ligands were preincubated with 3 mg alkaline phosphatase-conjugated sheep anti human antibody (JacksonImmuno Research) in 500 ml OptiMEM-I at room temperature for 30 min, and the ligand/antibody mixture was applied to COS-7 cells for 2 hr at room temperature. The cells were rinsed with 13 PBS, fixed with 4% PFA, and developed for AP activity with BM-purple AP substrate (Roche Diagnostics) supplemented with 1 mM levamisole (Vector Laboratories, Inc.).
In Ovo Electroporation and Tissue Preparation
Stage 13-15 chick embryos were electroporated as described (Nakamura and Funahashi, 2001) , incubated, and then collected, eviscerated, and fixed in 4% PFA for 2 hr at 4 C. Prepared embryos were embedded with TissueTek (Sakura Finetek USA, Inc.) and sectioned.
In Situ Hybridization and Immunohistochemistry
In situ hybridization was performed as described (Shaeren-Wiemers and Gerfin-Moser, 1993) . Brightfield images were acquired with a Zeiss Axioskop2 microscope. Immunohistochemical staining was performed as described (Ji et al., 2006) . Fluorescent images were acquired with a Zeiss LSM Pascal microscope. Antibodies used were as described in Ji et al. (2006) with the exception of guinea pig anti-FARP1 (1:5000), rabbit anti-GFP (1:1000, Invitrogen), mouse anti-NF (1:50, 3A10, DHSB), mouse anti-MAP2 (1:1000, Sigma), and mouse anti-Tau1 (1:2000, Chemicon Mab 3420). Secondary antibodies (JacksonImmuno Research) were used according to the supplier's protocol. The FARP1 antibody is an affinity-purified guinea pig polyclonal antibody raised against a 14 amino acid C-terminal peptide (Affinity BioReagents).
Primary Neuronal Cultures and Motor Neuron Analysis
Primary neuronal cultures from spinal cords were performed as described previously (Kuhn, 2003) . Spinal neurons were cultured in growth medium on PDL/laminin-coated glass chamber slides (Nalge Nunc International) for 2 days at 37 C. Cultured neurons were rinsed with 13 PBS, fixed in 4% PFA for 10 min at room temperature, washed with 13 PBS, and used for immunohistochemical analysis. Dendrites and axons of motor neurons were traced and measured with NeuronJ (copyright by Erik Meijering) plug-in of ImageJ (NIH) (see Supplemental Experimental Procedures for details). At least 50 motor neurons from at least six electroporated spinal cords were analyzed in each group. Motor neuron counts were confined to the brachial regions corresponding to the forelimbs of chick embryos.
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